Introduction: This work was performed to develop and validate procedure-specific risk prediction for recurrence following resection for early-stage lung adenocarcinoma (ADC) and investigate risk prediction utility in identifying patients who may benefit from adjuvant chemotherapy (ACT).
Introduction
Lung adenocarcinoma (ADC) is the most common histologic subtype of NSCLCs; 25% of which are diagnosed at stage IA. 1 Following the results of the National Lung Screening Trial, the identification of early-stage lung ADC is expected to increase. 2 The standard of care for early-stage lung ADC is curative-intent anatomic surgical resection by lobectomy; however, sublobar resection is appropriate for selected patients. 3 Despite ongoing concerns about the adequacy of sublobar resection for cure, the use of sublobar resection is increasing. [4] [5] [6] [7] Development of a procedure-specific risk prediction model following sublobar resection or lobectomy that considers widely variable patient background and the recurrence risk will be useful to predict prognosis. 4, 5, 8 Such a risk model can further help to stratify patients for prospective investigation of potential postoperative interventions (e.g., completion lobectomy and/or adjuvant therapies following sublobar resection or adjuvant therapies following lobectomy).
Based on our literature review, among 10 risk prediction algorithms that have been described to predict prognosis following lung resection for all stages of NSCLC (Supplementary Fig. 1 and Supplementary Table 1), 6 have not been externally validated. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Of the 4 that have, only two studies externally validated with an international cohort. 9, 10 No study addressed competing risks, which can bias prognostic assessment especially in earlystage disease. 8 No study included prognostic histologic subtypes. 19 A recent study by Liang et al. 10 was independently validated using the National Cancer Database (United States); however, the TNM staging system still had a superior predictive capability. 20 In an effort to expand the prognostication of lung ADC beyond the use of the TNM staging system, a multidisciplinary group comprising experts from the International Association for the Study of Lung Cancer (IASLC), American Thoracic Society (ATS), and European Respiratory Society (ERS) introduced a classification of lung ADC in 2011, 19 which has been validated in independent international cohorts and was incorporated into the 2015 WHO classification. [21] [22] [23] [24] We and others reported the prognostic impact of micropapillary (MIP) and solid (SOL) subtypes in stage I lung ADC and were the first to describe tumor spread through air spaces (STAS), which has since been validated by others. 22, 23, [25] [26] [27] [28] [29] [30] [31] These prognostic pathologic variables including MIP, SOL, and STAS can be associated with each other. 29 To our knowledge, no group has investigated how these variables interact and influence outcomes. To incorporate multiple, relevant clinicopathologic factors for a given patient, we specifically chose a risk-based prediction model. 32 In this study, we developed two procedure-specific scores for predicting recurrence after curative-intent lobectomy or sublobar resection. Given the significant competing risks in elderly patients with early-stage lung cancer, we used a competing risks analysis. 8 We validated our model with an external data set consisting of three cohorts of patients from Japan, Taiwan, and Germany.
The current guidelines do not recommend platinumbased adjuvant chemotherapy (ACT) for patients with stage IA NSCLC. [33] [34] [35] However, if we could reliably identify stage IA patients with a higher risk of recurrence equal to stage II-III NSCLC patients, we may be able to predict the benefit from ACT. To test this potential utility of this approach, we would ideally use a cohort of patients with stage IA lung ADC. However, because only a minor fraction of stage IA lung ADC (<5%) undergo ACT both at our and other centers, we used a propensityscore matched cohort of patients with resected stage II-III lung ADC with or without ACT to investigate the survival benefit from ACT in those patients classified as high risk using the proposed lobectomy risk prediction score.
Methods

Study Cohorts for Development and Validation of Risk Prediction for Recurrence
This retrospective study was approved by the Institutional Review Board at Memorial Sloan Kettering Cancer Center (MSK). The MSK Thoracic Service's prospectively maintained lung cancer database was reviewed to identify consecutive patients who had been surgically treated for pathologic stage I small (2 cm) lung ADC between January 1, 1995, and December 31, 2011. At MSK, lobectomy was considered a standard surgical treatment for patients with stage I NSCLC. Sublobar resection was considered for patients with poor pulmonary reserve or other major comorbidities that relatively contraindicate lobectomy or for patients with a small (2 cm) peripheral nodule with 50% or more ground-glass appearance on computed tomography. Pathologic stage was based on the eighth edition of the American Joint Committee on Cancer Staging Manual. 36 Exclusion criteria included induction therapy, multiple nodules, positive surgical margin (R1 or R2), other lung cancer diagnosis in the past 2 years, other disease progression, and inadequate tissue available to review. In total, 909 patients at MSK met the inclusion criteria ( Supplementary Fig. 2A ). The development (MSK) cohort of patients was used to create the two procedure-specific risk scores. To externally validate the risk prediction, we used a combined cohort of three independent international sets of patients (Japan, Taiwan, and Germany) ( Supplementary Fig. 2B ). 
Stage II-III Cohort
The MSK Thoracic Service's prospectively maintained database was reviewed to identify consecutive patients who had been surgically treated for pathologic stage II and III lung ADC between January 1, 2000, and December 31, 2013. Exclusion criteria included induction therapy, multiple nodules, positive surgical margin (R1 or R2), other lung cancer diagnosis in the past 2 years, concurrent other disease progression, wedge resection, and no available tumor slides to review. To evaluate benefit from platinum-based (cisplatin or carboplatin plus other drug) ACT, we also excluded patients with unknown ACT status, unknown regimens, nonplatinum-based ACT, adjuvant EGFR-tyrosine kinase inhibitor therapy, and less than 2 cycles of platinumbased ACT. Because perioperative mortality and morbidity can affect treatment decisions as well as outcomes, we excluded patients who died within 90 days of surgery and patients with planned but cancelled ACT due to postoperative morbidity or recurrence. In total, 589 patients with stage II-III lung ADC met our inclusion criteria ( Supplementary Fig. 1C ). In this study, ACT was defined as any additional intravenously administered chemotherapy after the primary surgery, within 3 months after surgery, without recurrence of the resected primary tumor. We evaluated the regimen of ACT, the date of the first dose, and the number of performed cycles of ACT. In patients who did not receive ACT, we evaluated the specific reason for this.
Histologic Evaluation
Tumor slides were reviewed by at least two experienced thoracic pathologists (K.K., L.S., and W.D.T.) who were blinded to patient clinical outcomes. The percentage of each histologic pattern was recorded in 5% increments, and tumors were classified by the predominant subtype (in accordance with the IASLC/ ATS/ERS and 2015 WHO classifications): ADC in situ; minimally invasive adenocarcinoma; lepidic-, acinar-, papillary-, MIP-, or SOL-predominant invasive adenocarcinoma; invasive mucinous ADC; and colloid ADC. 19, 24 Tumor STAS was defined as isolated tumor cells within air spaces surrounding the main tumor. 29 The presence of visceral pleural, lymphovascular invasion (LVI), and necrosis was also investigated.
Statistical Methods
To develop procedure-specific risk prediction, patients who underwent lobectomy were analyzed separately from those who underwent sublobar resection. The outcome of interest was recurrence. Patients were monitored from date of surgery until recurrence or death, whichever came first. The probability of recurrence was estimated as the cumulative incidence of recurrence (CIR) from the time of surgery and analyzed using a competing risks approach, considering deaths without recurrence as competing events. 37 Differences in CIR between groups were assessed using Gray's method and univariable Fine and Gray's tests. Definitions of the clinicopathologic factors included in the univariable analyses are presented in the Supplementary Materials. Factors that yielded p < 0.1 in univariable analyses were considered as candidates in the multivariable models. Technical information on imputation of missing data by predictive mean matching and model building using the adaptive lasso procedure is presented in the Supplementary Materials.
The procedure-specific risk prediction was developed using recurrence probability estimates derived from the final multivariable competing risks models. The predictions of recurrence in both models were projected at 3 years and 5 years. The median follow-up duration for the development and combined external cohorts were computed based on reverse Kaplan-Meier approach. In both models, categorical covariates were included as dummy variables, and nonlinearity of continuous variables was assessed using restricted cubic splines. 38 Cuberoot transformation was applied to MIP and SOL percentage, given the right-skewed distribution data with a high proportion of zeros. On further investigation of multicollinearity, pleural invasion was excluded from the variable-selection procedure due to its high correlation with LVI. Development of risk prediction was performed with blinding of the external-validation cohort data.
The predictive performance of the procedure-specific risk prediction was assessed by examining discrimination (concordance index [C-index]), calibration (calibration plots), and overall accuracy (Brier score). We also generated decision curves to assess the net benefit of risk prediction assisted decisions. Additional information on the performance measures of the risk prediction is presented in the Supplementary Materials. Internal validations were performed with 1000 bootstrap resamples. To complete external validation, we applied the procedure-specific risk prediction to data from Japan, Taiwan, and Germany. The external-validation cohort comprised 708 patients (lobectomy, 551; sublobar resection, 157). Because of the limited sample size and the incidence of recurrence, the external cohorts were analyzed as a combined cohort. As an exploratory analysis, overall survival (OS) for patients with high and low risk of recurrence was estimated using the KaplanMeier approach and compared using log-rank tests (additional information in the Supplementary Materials).
To investigate the potential utility of risk prediction to benefit from ACT in high-risk patients, we developed a propensity score-matched cohort of patients with stage II-III disease who were treated by lobectomy with or without ACT and applied the lobectomy risk prediction score to the matched cohort. The propensity scorematching procedure selects matched pairs with similar baseline probability of being in either the ACT or the no-ACT group. 39, 40 For matching, we used age, sex, smoking status, comorbidities (chronic obstructive pulmonary disease, cardiovascular disease, etc.), serum creatinine level, pulmonary function (forced expiratory volume in 1 second, and diffusion capacity of the lung for carbon monoxide), maximum standard uptake value in (18) F-fluorodeoxyglucose-positron-emission tomography, type of resection, surgical approach, pathologic tumor size, p-N status, p-stage, pleural invasion, LVI, necrosis, tumor STAS, and morphologic grade. To account for the multiple imputations of the missing data, separate logistic regression models were generated from each imputed data set (additional information in the Supplementary Materials). Propensity score-matched pairs were identified without replacement using a 1:1 nearest neighbor matching with caliper width equal to 0.286. The caliper width was determined by the recommendation from Austin (0.2 of the standard deviation of the logit of the propensity scores). 41 Balance of covariates between the groups was assessed by the absolute standardized mean difference (ASMD) before and after the matching procedure. ASMD < 0.1 indicates balance in the covariate between the two groups. 42 We investigated the association between receipt of ACT and various outcomes using the matched cohort: primary outcome, lung cancer-specific cumulative incidence of death (CID); secondary outcomes, CIR, and OS. The relationship was characterized by the patient-level score calculated from the lobectomy risk prediction. We categorized as high or low risk based on the predetermined 5-year CIR 18% (lobectomy score 95) that was a previously reported average 5-year CIR in stage I lung ADC. 28 Hence, we categorized each patient as "high score" (score is at or above 95) or "low score." OS was estimated using the Kaplan-Meier approach and compared between the two groups on the basis of the log-rank test, stratified by pathologic stage. Statistical analyses were conducted using R 3.3.1 (R Development Core Team, Austria, Vienna), including the "survival," "cmprsk," "crrp," "ClevClinicQHS," "QHScrnomo," "rms," and "pec" packages, downloaded in January 2017.
Results
Patient Characteristics
The development (MSK) cohort comprised 909 patients (lobectomy, 557; sublobar resection, 352). The external-validation cohort (N ¼ 708) included patients from Japan (n ¼ 250; lobectomy/sublobar resection, 165/85), Taiwan (n ¼ 259; lobectomy/sublobar resection, 211/48), and Germany (n ¼ 199; lobectomy/sublobar resection, 175/24). Patient clinicopathologic characteristics and outcomes for each cohort, as well as a comparison between the development and externalvalidation cohorts, are shown in Table 1 . Among patients who underwent lobectomy, the development cohort was older and had higher proportion of women, larger invasive size tumor, LVI, MIP (5%), and lower proportion of low-grade tumors than the externalvalidation cohorts. The development sublobar resection cohort had higher proportion of women, larger invasive size tumor, LVI, necrosis, MIP (5%), SOL (5%), and lower proportion of low-grade tumors than the externalvalidation cohorts. In patients who underwent lobectomy, the number of distant recurrence events was (17) 151 (27) 84 (51) 46 (22) 21 (12) 52 (15) 43 (27) 37 (44) 5 (10) (11) 134 (24) 13 (8) 64 (30) 57 (33) 56 (16) 25 (16) 6 (7) 14 (29) (27) 78 (37) 79 (45) 126 (36) 44 (28) 12 (14) 21 (44) 
Lobectomy Risk Prediction Score
In the multivariable model for recurrence following lobectomy, four risk factors (MIP percentage, SOL percentage, LVI, and necrosis) were significantly associated with hazard of recurrence lobectomy ( Table 2 ). The resulting lobectomy risk prediction (Fig. 1 ) and scoring systems (Supplementary Table 2) were generated using the model estimates. In internal validation, the optimismcorrected C-index was 0.77 (95% confidence interval [CI]: 0.72-0.83), indicating good discrimination. In external validation, the C-index was 0.73 (95% CI: 0.67-0.79), indicating good discrimination (Supplementary Table 3 ). The C-indices of the lobectomy risk prediction were higher than those of the TNM classification (risk prediction score versus TNM: internal 0.74 versus 0.58; and external 0.73 versus 0.68) (Supplementary Table 4 ). The calibration plots at 5 years for the development (MSK) and external-validation cohorts indicate moderate calibration (Fig. 2) . Brier scores (Supplementary Table 3 ) and decision curves ( Supplementary Fig. 4 ) are presented in the Supplementary materials.
Sublobar-Resection Risk Prediction Score
In the multivariable model for recurrence following sublobar resection, four risk factors (MIP percentage, STAS, LVI, and necrosis) were significantly associated with hazard of recurrence after sublobar resection ( Table 2 ). The resulting sublobar-resection risk prediction ( Fig. 1 ) and scoring system (Supplementary Table 2) were generated using the model estimates. In internal validation, the optimism-corrected C-index was 0.75 (95% CI: 0.72-0.81), indicating good discrimination. In external validation, the C-index was 0.79 (95% CI: 0.73-0.87), indicating good discrimination (Supplementary Table 3 ). The C-indices of the sublobar resection risk prediction score were higher than those of the TNM classification (risk prediction score versus TNM: internal 0.75 versus 0.60; and external 0.79 versus 0.78) (Supplementary Table 4 ). The calibration plots at 5 years for the development and external-validation cohorts indicate moderate calibration (Fig. 2) . Brier scores (Supplementary Table 3 ) and decision curves ( Supplementary Fig. 4 ) are presented in the Supplementary materials.
Distribution of Patients in Each Cohort by Type of Procedure and Risk of Recurrence
The distribution of patients who underwent sublobar resection was highest in the MSK cohort (39%), followed by the Japan (34%), Taiwan (19%), and Germany (12%) cohorts (Supplementary Fig. 5A ).
The distribution of patients categorized by probability of 5-year CIR estimated by procedure-specific risk prediction in each cohort is shown in Supplementary  Figure 5 . The recurrence risk-based patient distribution was different between cohorts especially in patients who were categorized into the lowest risk category. The Japan and Taiwan cohorts were composed more heavily of patients in the lowest risk category (lobectomy, 59% and 47%, respectively; and sublobar resection, 76% and 52%, respectively) than the composition of the MSK and Germany cohorts (lobectomy, 29% and 26%, respectively; and sublobar resection, 37% and 29%, respectively).
Exploratory OS Analysis by High/Low Risk of Recurrence
OS curves in the development and external validation cohorts, by high/low risk of recurrence (based on risk prediction score), are shown in Supplementary Figure 6 . In the development cohort, patients with a high risk of recurrence had worse OS than those with lower risk, for both procedures (5- (Table 3) . Analysis of lung cancerspecific CID curves revealed a significant survival benefit for ACT only in the high score group (p ¼ 0.003) (Fig. 3A) . A similar pattern was observed for recurrence and OS (Figs. 3B and C) . In a multivariable competing a The two values are the third and first quartiles, respectively, of the variable distribution. CI, confidence interval; CIR, cumulative incidence of recurrence; N/A, not applicable; MIP, micropapillary; SHR, subhazard ratio; SOL, solid; STAS, spread through air spaces.
risks regression analysis for lung cancer-specific death, a significant interaction was observed between high/low risk score and ACT (p ¼ 0.026) after adjustment for stage and STAS. Specifically, for high-risk patients, ACT significantly reduced the risk of lung cancer-specific death (subhazard ratio: 0.43, 95% CI: 0.26-0.72, p ¼ 0.001) (Supplementary Table 5 ). No significant benefit of ACT was observed among low-risk patients.
In the propensity score-matched stage II-III cohort, 14% of patients did not undergo lobectomy (included were pneumonectomy, bilobectomy, and segmentectomy). Survival analyses for only patients who underwent lobectomy (N ¼ 272) are provided in Supplementary  Figure 7 . Similar to the results for all matched patients (Fig. 3) , a significant survival benefit for ACT was observed only in the high-score group.
Discussion
We developed a clinical tool to predict recurrence in patients with resected small lung ADC. Our risk prediction algorithms are distinct from previously designed algorithms for the following reasons: (1) we performed a multivariable analysis including recently recognized prognostic markers such as MIP, SOL, and STAS; (2) we created surgical procedure-specific risk prediction for lobectomy and sublobar resection; (3) we selected recurrence as an outcome and performed competing risks analyses; (4) we performed external validation Figure 1 . Risk prediction for patients who underwent lobectomy (A) or sublobar resection (B)These algorithms present a method to calculate the 3-year or 5-year cumulative incidence of recurrence (CIR) after resection on the basis of a patient's combination of characteristics. To calculate the probability of recurrence, locate the patient's micropapillary level (%) and draw a straight line up to the "Scores" axis to derive the score associated with the level. Repeat for the other three covariates (solid, lymphovascular invasion [LVI], and necrosis). Add the scores for all covariates and locate the sum on the "Total Scores" axis. Draw a vertical line down from "Total Scores" to the last two axes to obtain the corresponding 3-year and 5-year CIR following lobectomy. STAS, spread through air spaces. using a data set comprised of three separate international cohorts, confirming the applicability of the scores to patients with varying ethnic backgrounds, histologic subtypes, and clinical presentations; and (5) we applied the lobectomy risk prediction algorithm to a propensity score-matched cohort of patients -in which all clinical, radiological, surgical, and pathologic variables known to contribute to patient lung cancer and noncancer survival were matched -and showed a survival benefit for platinum-based ACT only in high-risk patients (according to lobectomy risk prediction score), and not in low-risk patients, which suggests our lobectomy risk prediction score has the potential to predict benefit from ACT.
The use of cohorts with information available on prognostic histologic variables enabled a comprehensive analysis and facilitated the development of scores with high accuracy. The C-index was higher than those for previously designed lung cancer risk scores (Supplementary Table 4 ). One reason for these high C-indices is that we included several recently validatedand IASLC-and WHO-recommended -histopathologic . Lung cancer-specific cumulative incidence of death (CID) (A), cumulative incidence of recurrence (CIR) (B), and overall survival (C) in the propensity score-matched stage II-III cohort. A comparison between no adjuvant chemotherapy (ACT) and ACT by lobectomy algorithm-derived risk score. Lung cancer-specific CID curves in four groups are shown: the black solid line represents low algorithm-derived risk score without ACT; black dashed line, low score with ACT; red solid line, high score without ACT; and red dashed line, high score with ACT. In the comparison between high score/ACT and high score/no ACT (red dashed vs. solid lines), lung cancer-specific CID is significantly lower for ACT than for no ACT (p ¼ 0.003), whereas in the comparison between low score/ACT and low score/no ACT (black dashed vs. solid lines), no significant difference was observed between the two groups. High-or low-score categories were determined by whether the score was above or below the median. A similar pattern was observed for CIR and overall survival (OS): in high score, there was lower CIR and higher OS for ACT than for no ACT (p ¼ 0.005 and p ¼ 0.002, respectively), whereas in low score, there was no difference in CIR and OS between ACT and no ACT.
factors that can influence outcomes following lobectomy or sublobar resection; other studies have included only tumor size as a prognostic variable.
Prognostic stratification based on the new lung ADC classification has been reported to identify high-risk patients with SOL-or MIP-predominant tumors. 22, 23, 28 In addition to the associated worse outcomes following surgery, Tsao et al. 43 recently showed that high-grade (MIP and SOL) predominant subtypes can help predict patients' benefit from platinum-based ACT. On the basis of our and others' data, we focused on the continuous percentage of the high-grade subtypes (MIP and SOL) and the presence of STAS, LVI, and necrosis to develop scores to predict risk of recurrence. [21] [22] [23] 26, 27, 29, 30 The subsequent analysis revealed that the proposed lobectomy risk score has the potential to predict benefit from ACT.
As recurrence is strongly correlated with lung cancer-specific death ( Supplementary Fig. 8 and Table 6 ), we used recurrence as our primary outcome. In early-stage disease, particularly among elderly patients, OS and recurrence-free survival are affected by competing events, which underlines the need to perform competing risks analysis. 44, 45 In this study, death without recurrence was treated as a competing event.
Competing risks analysis addressed the occurrence of noncancer-related events when predicting cancerspecific outcomes to improve predictions.
One limitation of our study is that the external cohorts had relatively fewer patients than the development cohort. Nevertheless, the inclusion of cohorts from Eastern and Western continents (with inherent variability in demographic factors and histologic subtypes), the proportions of patients who underwent lobectomy and sublobar resection, and the use of multiple pathologists to confirm pathologic interpretations add strength to our approach. There is significant variation in the prevalence of certain pathologic features -such as LVI, pleural invasion, and the presence of MIP -in different cohorts. This could be due to inherent differences in ethnic backgrounds but could also be secondary to interobserver variation among pathologists. Although all known histologic variables were used in the risk prediction development, due to lack of availability of imaging and molecular tumor analysis from patients who underwent resection in earlier period, we did not include them in our analysis. These algorithms do not provide assistance in selecting patients preoperatively for lobectomy versus sublobar resection. Future studies that improve the diagnostic accuracy of histologic subtypes during intraoperative frozen section may extend the use of our risk prediction scores intraoperatively. Another limitation is that we did not include pathologic lymph node evaluation in this analysis, which might have affected outcomes (Supplementary Methods and Table 7 ).
Both the frequency of ACT use and the reasons for not administering ACT for patients with stage II-III disease differed by year of surgery, especially before and after 2004 (Supplementary Table 8 ). Because this change in treatment strategy might have affected our results, we performed the same prognostic analysis in patients who underwent surgery between 2004 and 2013 (n ¼ 215; Supplementary Fig. 9 ): the difference in survival between the ACT and the no-ACT groups was similar to that of the entire cohort.
In conclusion, we have developed and validated the two procedure-specific risk prediction algorithms. Given that 80% of patients with stage IA lung ADC survive for at least 5 years following surgical resection, it is imperative that postoperative interventions intended to improve outcomes identify patients at high risk of recurrence and that optimal treatments are investigated. 1 Despite the success of curative-intent surgery, high rates of recurrence are seen in a subgroup of early-stage patients, particularly those with MIP, SOL, STAS, LVI, and necrosis. The two procedure-specific risk prediction algorithms can be used postoperatively to provide patients with more accurate prognostic information that is based on their individual clinicopathologic status and can also assist in stratifying patients for further interventions. In particular, the lobectomy risk prediction algorithm -with its demonstrated ability to predict benefit from platinum-based ACT in stage II-III ADC -has the potential to be used for patient selection in future trials of ACT for stage I lung ADC.
